Transition probabilities for allowed and forbidden lines in neutral, singly ionized and doubly ionized tungsten are discussed in the present paper. For the electric dipole transitions, recommended values are proposed from a critical evaluation of the data available in the literature. For the magnetic dipole and electric quadrupole transitions, for which no data have been published so far, a new set of radiative rates has been obtained using a relativistic Hartree-Fock approach including core-polarization effects. The tables summarizing the compiled data are expected to be useful for plasma modelling in fusion reactors.
Introduction
Because of its high melting point (3410
• C) and thermal conductivity, and its low tritium retention and erosion rate under plasma loading (see e.g. Federici et al 2001 , Pospieszczyk 2006 , tungsten is a very attractive element to be used as a plasma facing material in tokamak devices. The international thermonuclear experimental reactor ITER will be the next step experimental fusion device which will use tungsten, together with beryllium and carbon-fiber reinforced composite, as plasma facing materials. The main disadvantage of tungsten in these conditions is the large radiative loss due to plasma contamination and its high radiative efficiency.
Several experiments were also carried out at Alcator Cmod (Lipschultz et al 2001) and at ASDEX-U (Neu et al 2005) to prove the suitability of W as a divertor target material under the conditions of a high-density and low-temperature divertor.
In tokamak devices, tungsten will be sputtered from the plasma wall as a neutral element and the intensity of the well-known W I emission line at 400.8753 nm may be used to estimate tungsten influx (Skinner 2008) . Unfortunately, as already mentioned by the latter author, a complication arises from the fact that there exists a coincident W II line at 400.8751 nm. Another difficulty originates from the fact that sputtered high-Z metal atoms, such as tungsten, have a low ionization potential (7.864 eV) and a relatively low velocity. They are quickly ionized close to the surface and most ions are promptly redeposited onto the wall near their point of origin (Skinner 2009 ).
Estimates of the tungsten influx rate to the core plasma will depend on a calculation of transport from the wall surface through the scrape-off layer. Consequently, the identification of emission lines from neutral and lowly ionized tungsten will greatly aid modelling of the plasma edge and scrape-off layer transport and facilitate the analysis of net tungsten influx rates.
However, a very small number of contributions have been devoted, in the past, to the determination of radiative data for the lower charge states of tungsten. The aim of the present paper is to report on the best transition rates for selected electric dipole (E1) transitions and to fill in the gap regarding the transition probabilities for forbidden (E2 and M1) lines in neutral (W I), singly ionized (W II) and doubly ionized (W III) tungsten.
Allowed transitions

W I lines
Wavelengths of all the transitions observed in the W I spectrum, and energy levels derived from these wavelengths, were compiled by Kramida and Shirai (2006) who critically evaluated the data published previously by Laun and Corliss (1968) , Shadmi and Caspi (1968) , Corliss (1969) , Wyart (1978) , Martin et al (1978) and Campbell-Miller and Simard (1996) .
Experimental transition probabilities in W I were first determined by Corliss and Bozman (1962) but their arc measurements later on were recognized to be affected by large systematic errors. These results were supplemented by the relative measurements of Clawson and Miller (1973) and by the absolute measurements of Obbarius and Kock (1982) . In the latter case, a stabilized arc, operated in argon, was used for measuring oscillator strengths for 43 W I lines in the wavelength range 240-560 nm.
The first radiative lifetime measurements in W I were performed for 15 levels belonging to the 5d 4 6s6p and 5d 5 6p configurations by Duquette et al (1981) who used time-resolved laser-induced fluorescence (TR-LIF) and a hollow cathode effusive atomic beam source. Kwiatkowski et al (1982) reported lifetimes for 13 energy levels in the configurations (5d+6s) 5 6p. These measurements were based on the observation of the re-emitted fluorescence with a singlephoton-counting technique after a selective excitation of an atomic beam by a pulsed dye laser. Some radiative lifetimes of W I excited states were also published by Plekhotkin and Verolainen (1985) .
The lifetimes by Schnabel and Kock (1997) , obtained with the TR-LIF method for 47 W I levels in the energy range 27 800-48 200 cm −1 , agree within the mutual uncertainties with the results of Den Hartog et al (1987) (three lifetimes common to both works). The lifetimes by Kwiatkowski et al agree within 7% with those of Den Hartog et al (1987) (13 levels in common), the latter work including remeasurements of the values published by Duquette et al (1981) . It is thus obvious that the three scales of published lifetimes measured with reliable techniques (laser spectroscopy) are in excellent agreement.
The most recent and extensive sets of experimental decay rates in neutral tungsten were reported by Den Hartog et al (1987) and Kling and Kock (1999) who measured branching fractions (BF) on high-resolution Fourier transform spectra and were able to deduce absolute transition probabilities for a set of 572 lines covering the wavelength range 225-1035 nm and involving excited energy levels up to 46 932 cm −1 . The lifetimes used in these two papers were those of Den Hartog et al (1987) and of Schnabel and Kock (1997) , respectively. As the work of Kling and Kock (1999) was focused on higher lying levels than that of Den Hartog et al (1987) , the overlap of the two works is small. In fact, BFs were measured for only 19 lines in common. The agreement is within a few (<7)% for the most intense transitions (BF > 20%), larger discrepancies appearing (as expected) for some weaker lines. In the present work, we have adopted the transition probabilities reported by Den Hartog et al (1987) and Kling and Kock (1999) . According to these authors, the uncertainties affecting their results are smaller than 10% for the majority of the transitions.
We report in table 1 a list of selected lines of W I covering the UV and visible regions and suitable for plasma diagnostics. This line list has been established by adopting the following criteria. The lines are unblended according to the wavelength compilation of Kramida and Shirai (2006) . The list is also limited to the strongest transitions, i.e. the transitions such that the laboratory intensities (Int.) 100. We are conscious however that this choice has its own limitations and is partly dependent upon the physical conditions met in the light source used for establishing the intensity scale. For all the selected transitions, reliable transition probabilities and oscillator strengths are available. They are due to Den Hartog et al (1987) and Kling and Kock (1999) . It is seen, from the last column of table 1, that these two sets of transition probabilities agree quite well for the six transitions common to both works.
It should be emphasized that the well-known W I emission line at 400.8753 nm, tentatively used for plasma diagnostics as stated in the introduction, has been kept in table 1 despite of the fact that it is blended with a W II line appearing at 400.8751 nm. This line is among the strongest observed in the laboratory and, for that reason, deserves to be considered with a special attention (see the discussion in section 2.2).
W II lines
76 even levels and 187 odd levels belonging to singly ionized tungsten were reported in the compilation of Kramida and Shirai (2006) which was essentially based on the extensive investigations of the W II spectrum by Ekberg et al (2000) and by Cabeza et al (1985) .
After the pioneering work by Corliss and Bozman (1962) , relative and absolute transition probabilities were determined by Clawson and Miller (1973) and Obbarius and Kock (1982) , respectively. The latter authors published oscillator strengths for 27 W II transitions between 240 and 560 nm.
Substantial progress in radiative parameter determination in W II resulted from the combination of lifetime measurements with BF determinations. Different sets of lifetimes were reported. Kwiatkowski et al (1984) measured three lifetimes using the TR-LIF method, the ions being produced by the sputtering technique in a low-pressure discharge. Using the TR-LIF technique, radiative lifetime measurements were also carried out by Schnabel et al (1998) for 19 selected levels with energies between 36 000 and 55 000 cm −1 and by Schulz-Johanning et al (1999) who used a linear Paul trap for investigating two W II lifetimes. More recently, Henderson et al (1999) reported three lifetime values using the beam-foil method. These results were combined with theoretical and experimental BFs deduced from Corliss and Bozman (1962) arc measurements.
The lifetimes by Schnabel et al (1998) agree, within the quoted uncertainties, with the results of Kwiatkowski et al (1984) for two levels, the measurement reported by these authors for 42 390.27 cm −1 being obviously in error by more than one order of magnitude. A discrepancy of 40% between the laser measurement of Schnabel et al (1998) and the beam-foil measurement of Henderson et al (1999) is observed for the level at 54 229.06 cm −1 , but according to the quoted uncertainties (10 and 3%, respectively) and the limitations inherent to the techniques involved, the first result is expected to be the most accurate. This is confirmed, in an indirect way, by the nearly perfect agreement observed, for two levels, between the results of Schulz-Johanning et al (1999) and of Kwiatkowski et al (1984) and, in a more direct way, by the relativistic Hartree-Fock calculations including corepolarization effects (HFR+CPOL) due to Nilsson et al (2008) . These authors reported in fact TR-LIF lifetime measurements for nine levels and their scale was found in excellent agreement with that of Schnabel et al (1998) when relying on the lifetime obtained for the level at 47 179.94 cm −1 , the only level common to both works.
BFs for 280 W II lines originating from 19 excited levels in the wavelength range 204-750 nm were obtained by Kling et al (2000) from emission measurements on a high-current hollow cathode and a Penning discharge lamp. A much more extensive set of oscillator strengths was reported by Nilsson et al (2008) who performed HFR+CPOL calculations (Quinet et al 1999) in W II. Only a sample of 290 intense transitions was published in the Nilsson et al's (2008) paper but the whole set of results (6086 transitions in the range 143-990 nm) is listed in the DESIRE database (Fivet et al 2007) on the web site http://www.umh.ac.be/∼astro/desire.shtml.
As a consequence of the present discussion, it is justified to adopt as the best set of results the lifetimes by Schnabel et al (1998) and by Nilsson et al (2008) and the transition (7) c , 1.01 (7) d a Observed wavelengths taken from Kramida and Shirai (2006) . Vacuum wavelengths for λ < 200.0 nm and air wavelengths above that limit. b From Kramida and Shirai (2006) . c From Nilsson et al (2008) . d From Kling et al (2000) . a(b) is written for a · 10 b .
probabilities of Kling et al (2000) considerably extended and complemented by Nilsson et al (2008) . From the comparison with the experimental measurements, it is reasonable to consider that the accuracy of the HFR+CPOL results should be better than 15% for the most intense transitions, larger uncertainties being possible for the weaker lines particularly for those susceptible to cancellation effects in the calculation of the line strengths. We give in table 2 a list of selected UV W II transitions suitable for plasma diagnostics. The list is limited to the strongest transitions, i.e. the lines such that the laboratory intensities (Int.) 100 (Kramida and Shirai 2006) . The adopted transition probabilities are those from Kling et al (2000) and Nilsson et al (2008) . The transitions for which the calculated A-values are likely to be affected by cancellation effects (i.e. for which the cancellation factor CF as defined by Cowan (1981) <0.050) have been excluded from the list. Note that the line at 400.8751 nm blended with the W I line at 400.8753 nm is not included in the table because its calculated line strength was found to be affected by strong cancellation effects. However, it is worth mentioning that this W II line, corresponding to the transition between the even level at 30 223.744 cm −1 (J = 3/2) and the odd level at 55 162.390 cm −1 (J = 5/2), has an estimated gA-value of 9.7 × 10 6 s −1 (Nilsson et al 2008) , i.e. more than one order of magnitude smaller than the transition probability obtained by Den Hartog et al (1987) and Kling and Kock (1999) for the W I line at 400.8753 nm (gA = 1.5 × 10 8 s −1 ). We can see, from the last column of table 2, that the transition probabilities of Kling et al (2000) and Nilsson et al (2008) are in good agreement, as expected, for the 26 transitions common to both works.
W III lines
The only term analysis available in W III has been published by Iglesias et al (1989) who classified 2636 lines between 60 and 268 nm connecting 235 atomic energy levels.
Very few works have been devoted to radiative rate determinations in doubly ionized tungsten. Schultz-Johanning et al (1999) reported lifetime measurements for three levels obtained with the TR-LIF technique and BFs with the Fourier transform spectroscopy for 81 transitions in the 154-334 nm spectral range. These authors also proposed transition probabilities for 37 transitions.
More recently, an extensive set of oscillator strengths for W III electric dipole transitions were calculated by Palmeri et al (2008) using the HFR+CPOL method. The accuracy of these new results was assessed through comparisons with the TR-LIF measurements performed by the same authors for two levels belonging to the 5d 3 6p configuration and with the few results of Schultz-Johanning et al (1999) . A very limited sample of transition probabilities is presented in the paper of Palmeri et al (2008) but the complete set of results is included in the DESIRE database (4822 transitions in the wavelength range 83-1494 nm).
In the present work, we have adopted the transition probabilities of Palmeri et al (2008) and of Schultz-Johanning et al (1999) . We report in table 3 a list of selected unblended lines (Iglesias et al 1989) of W III covering basically the UV region and suitable for plasma diagnostics. The list is limited to the strongest transitions, free of cancellation effects and characterized by laboratory intensities (Int.) 250. It is seen, from the last column of table 3, that the two sets of oscillator strengths agree quite well (for the five lines common to the two papers).
New transition probabilities for forbidden lines
To our knowledge, no radiative rates have been published so far for forbidden lines in neutral, singly ionized and doubly ionized tungsten. In the present work, transition probabilities have been obtained for magnetic dipole (M1) and electric quadrupole (E2) transitions using the HFR+CPOL approach mentioned above. 
configurations. The standard deviation of the fit was found to be equal to 122 cm −1 .
The computed transition probabilities, A ki , for M1 and E2 lines connecting the metastable levels in W I, W II and W III are listed in tables 4, 5 and 6, respectively. If the two types of radiation contribute significantly to the total intensity of a line, the sum of both components is given. The exclusion criterion of one particular type of radiation for a given transition is that the corresponding A-value should be less than 1% of the sum of M1 and E2 contributions. Owing to the extensive nature of the results, only transitions for which A ki is greater than 0.2 s −1 and λ shorter than 2000 nm are reported in the tables. 
Conclusion
Critically evaluated transition rates available in the literature for allowed electric dipole transitions together with a new set of computed A-values for forbidden lines are reported in the present work for W I, W II and W III. These results are intended to provide plasma physicists with some of the data they need for spectroscopic diagnostics and modelling of fusion plasmas magnetically confined in reactors where tungsten is expected to be used as a facing material.
